regard to the control of DNA replication (Nasmyth, 1996) . At a crude level, the initiation of DNA replication can be Research Institute of Molecular Pathology considered as a two step process: assembly of compe-A-1030 Vienna tence factors onto chromosomes followed by activation Austria of S-CDK and Cdc7 kinases Stillman, 1996) . The principle by which cells prevent origin refiring Summary before sister chromatids have been separated is thought to derive from a second property of CDKs, which is to In eukaryotic cells, firing of DNA replication origins block chromosomes' acquisition of competence (Dahnormally does not recur until after M phase. This charmann et al., 1995). One or another S-or M-CDK is active acteristic is thought to be due to the properties of from the beginning of S phase until the destruction of "initiation" proteins like Orc, Cdc6, and Mcms. Using M phase cyclins during anaphase, and their presence formaldehyde cross-linking, we show that Cdc6p and is thought to prevent replication origins from switching Mcm7p associate specifically with replication origins to a competent state during this entire period. As preduring G1 but not during G2 in S. cerevisiae. Mcm7p's dicted by this hypothesis, factors like Cdc6 can only association with origins depends on Cdc6p. Ectopic promote competence during G1 when S-and M-CDKs expression of Cdc6p enables it to associate with oriare inactive . Thus, origin firing requires gins during G2, but this fails to recruit Mcm7p. Our a period of low CDK activity, which permits the acquisidata suggest that the loading of Mcm proteins onto tion of competence, followed by a period of high CDK origins is regulated by two mechanisms: first, by activity, which permits competent origins to fire. BeCdc6p occupancy, and second, by S-and M-CDKs, cause the second step in the initiation of DNA replication whose activity during S, G2, and M phases prevents also blocks the first, origins can fire only once per CDK Mcm loading.
de novo synthesis of Cdc6 (Cocker et al., 1996) , which (Klein et al., 1992) to test whether these proteins are associated with chromatin. Spheroplasts were lysed on suggests that it reflects changes at origins that render them competent to fire in response to S-CDK and Cdc7 microscope slides in the presence of detergent and formaldehyde. Chromosomes but little else settle onto kinases. It is not, however, possible to ascertain from genomic footprinting what proteins actually arrive at and stick to the slide, which enables the subsequent detection of proteins associated with them by in situ origins as cells exit from mitosis.
Using formaldehyde cross-linking (Strahl-Bolsinger et immunofluorescence using a monoclonal antibody directed against the Myc epitopes attached to these proal., 1997), we have measured the association of ORC, Cdc6p, and an Mcm protein with specific DNA seteins. Most soluble nuclear proteins, including abundant ones like a karyopherin ␤-like protein Cse1-Myc, are quences in live yeast cells. We show that not only ORC but also Cdc6p and Mcm7p associate specifically with almost entirely washed away by this protocol and cannot be detected colocalizing with chromatin. A sizable fracARSs. Unlike ORC, Cdc6p and Mcm7p bind during G1 but not during G2 or M phases. We also show that tion of Orc2-Myc, in contrast, is tightly associated with chromatin ( Figure 1A ). Orc2-Myc was associated with Mcm7p binding to origins depends on Cdc6p. However, the absence of Mcm7p from origins during G2 is not chromatin in all nuclei from an asynchronous culture, solely due to lack of Cdc6p, because Mcm7p still fails including ones undergoing anaphase, which is consisto bind origins at this stage of the cell cycle when the tent with the observation that ACSs are "occupied," association of Cdc6p to G2 origins is induced by ectopic presumably by ORC, for most, if not all, of the cell cycle Cdc6p expression. Our data suggest that Mcm loading (Diffley et al., 1994) . onto origins is promoted by the binding of Cdc6p and In chromosome spreads from cells expressing Cdc6-inhibited, even in the presence of Cdc6p, by the activity Myc or Mcm7-Myc, we found strong staining associated of CDKs.
with some nuclei and negligible staining associated with others (data not shown). To test whether this heterogeResults neity is due to cell cycle position, we analyzed chromosomes as unbudded G1 cells isolated by elutriation progressed through the cell cycle. Cdc6-Myc was already Cell Cycle-Dependent Association of Cdc6p and Mcm7p with Chromatin associated with chromatin at a moderate level in early G1. This association increased later in G1, when there Cdc6 and Mcm proteins are located within the nucleus during G1 in yeast. We first used chromosome spreading is a fresh burst of Cdc6p synthesis, but disappeared Zachariae et al., 1996) . (nom.) and (DAPI) denote Nomarski optics and diamidophenylindole DNA staining, respectively. (B) Cdc6p associates with chromatin during the cell cycle. Small G1 diploid cells of strain K6464 (CDC6-Myc27) were isolated by centrifugal elutriation and then incubated in YEPR (YEP plus raffinose) at 25ЊC. Pictures labeled as early G1, late G1, and G2/M correspond approximately to the time points 0, 60, and 140 min, respectively, of the FACS data of Figure 3 . (C) Mcm7p associates with chromatin during the cell cycle. G1 diploid cells of K6465 (MCM7-Myc7) were isolated by elutriation and then incubated in YEPR at 25ЊC. Pictures labeled as early G1, late G1/S, and G2/M correspond approximately to the time points 0, 100, and 140 min, respectively, of the FACS data of Figure 3 . -12) , or on those from the WCE with prior crosslinking (lanes 13-15). These samples were prepared from cells without Myc tags (lanes 1-3) or with ORC2-Myc9 (lanes 4-6), MCM7-Myc7 (lanes 7-9 and 13-15) or CDC6-Myc18 (lanes 10-12). These cells harbor wild-type ARS1 (TRP1 ϩ ) (lanes 1, 4, 7, 10, and 13), a mutation in element A (or ACS) (TRP1 ϩ ARS1::860T→G) (lanes 2, 5, 8, 11, and 14) or mutations in element B1-3 (TRP1 ϩ ARS1::756, 758, 798-805, 835-842) (lanes 3, 6, 9, 12, and 15) within ARS1 on their chromosomes (Marahrens and Stillman, 1994) . PCRs on chromatin fragments from WCEs of strains expressing no Myc tag, Orc2-Myc, or Cdc6-Myc gave the results similar to those in case of Mcm7-Myc (data not shown). Among ARS1 mutants and its wild type, there was no significant difference in DNA contents measured by FACS (data not shown).
abruptly at around the time cells replicated their DNA was negligible during G2 and M phases. Unlike Cdc6p, the amount of Mcm7p does not fluctuate during the ( Figure 1B ). It did not reappear until cells completed mitosis. Association of Cdc6-Myc with chromosomes cell cycle. However, its distribution within the cell does change (Dalton and Whitbread, 1995; Figure 3B ). Mcm7p paralleled the abundance of Cdc6-Myc within nuclei, as measured by in situ immunofluorescence. From low is exclusively nuclear during G1 but accumulates in the cytoplasm during G2 and M phases. The cell cycle regulevels in early G1 cells, nuclear Cdc6-Myc increased in abundance during late G1, decreased dramatically after lation of Mcm7p's association with chromatin is consistent with that of other Mcm proteins in Xenopus egg cells entered S phase, and did not reappear until telophase (data not shown). In orc2-1 mutant cells incubated extracts (Kubota et al., 1995; Coue et al., 1996) . at the restrictive temperature, association of Cdc6-Myc with chromosomes during late G1 was greatly reduced ORC Association with ARSs Detected by Cross-Linking (data not shown).
We obtained broadly similar results when we analyzed To measure the association of ORC with specific DNA sequences in vivo, we prepared extracts from cells a strain expressing Mcm7-Myc ( Figure 1C ). The amount of Mcm7-Myc associated with chromosomes increased treated with formaldehyde, sheared chromatin to an average size of 500 bp, and used PCR to measure the as cells progressed through G1, though in this case the amount of protein within nuclei remained roughly abundance of specific sequences bound to immunoprecipitated Myc-tagged proteins. We used four sets of constant, as detected by in situ immunofluorescence (data not shown). Mcm7-Myc's association with chro-PCR primers to amplify three regions surrounding ARS1 and one including ARS1. We employed a similar procematin lasted longer than that of Cdc6, but nevertheless disappeared as cells progressed through S phase, and dure for ARS305 (Figure 2A ). Both of these two origins fire once during most if not all S phases (Campbell and Newlon, 1991) . All four fragments from each locus were similarly amplified from sheared chromatin. In contrast, fragments containing ARS1 and ARS305 were preferentially amplified from immunoprecipitates made from cells expressing Orc2-Myc using the Myc-specific antibody. This preferential amplification of ARS-containing fragments did not occur with immunoprecipitates prepared from cells expressing Cse1-Myc or from cells that did not express any Myc-tagged protein (Figures 2B and 2C) . Preferential amplification of ARS fragments also depended on treatment with formaldehyde and on the inclusion of anti-Myc antibody during the immunoprecipitation procedure ( Figure 2B ). The preferential amplification of ARS1 but not of ARS305 (from the same DNA preparation) was abolished by a point mutation in ARS1's ACS (or A element) that greatly reduces ORC binding in vitro and firing in vivo (Marahrens and Stillman, 1994; Rao and Stillman, 1995) ( Figure 2D protein kinase (Jackson et al., 1993 ) is needed to mainfusion under control of the GAL promoter (GAL-ubi-CDC6). Cells from this strain synthesize Cdc6p and replitain the association of Mcm7p with origins, we compared the association of Mcm7-Myc with ARS secate DNA only in the presence of galactose . From a culture that had been shifted 75 minutes quences in wild type and dbf4-1 mutant cells as small G1 cells (obtained by elutriation) progress through the previously from galactose to raffinose, we isolated by centrifugal elutriation a population of unbudded G1 cells cell cycle at 37ЊC. Association was identical up to the point at which cells budded, whereupon Mcm7p disaplacking Cdc6p, which was then split into two. One half of the population was incubated in the presence and peared from ARS1 and ARS305 in wild-type cells, which duplicated their DNA, but not in dbf4-1 cells, which failed the other half incubated in the absence of galactose ( Figure 4 ). Unlike wild-type cells treated in the same to do so (data not shown). We conclude that the Dbf4/ Cdc7 kinase is not needed to maintain the association way, little or no Mcm7p could be detected at ARS1 or at ARS305 in the starting culture of unbudded G1 cells of Mcm proteins with origins but is required for the process that causes them to be released. Our conclu-(0 min). This state of affairs continued as cells grown in the absence of galactose progressed through the cell sion is consistent with the persistence of prereplicative "genomic footprints" at origins in cdc7 mutants (Diffley cycle. As expected, these cells failed to replicate their DNA. However, in the culture grown in the presence of et al., 1994). S-and M-CDKs are activated on schedule in dbf4 mutants (Toyn et al., 1995) , which suggests that galactose, Mcm7p appeared within 20 min at ARS1 and ARS305. It persisted at these origins until cells entered CDK activity per se does not cause unloading of Mcm7p from origins, even though it may inhibit loading (see S phase and then disappeared (during G2 and M phases) despite the continued synthesis of Cdc6p. We also combelow).
pared the amount of Mcm7p bound to chromosomes in these two populations ( Figure 4 ).
Mcm7p was detected Association of Mcm7p with Origins Depends on Cdc6p
on chromosomes within 30 min after galactose induction, and it persisted until late G1 or the beginning of S The arrival of Cdc6p at ARSs during telophase is presumably dependent on the abrupt reaccumulation of phase. In contrast, it could not be detected at any points on chromosomes isolated from cells grown in the abCdc6p in nuclei at the end of mitosis but not on that of Mcm proteins (see above we used a strain whose sole active CDC6 gene was On the other hand, the presence of Cdc6p in galactosetagged at its N terminus with Myc epitopes and grown cells did lead to a longer retention of Mcm7p expressed from the GAL promoter (GAL-Myc9-CDC6; within nuclei (Figure 4 ). It accumulated in the cytoplasm Piatti et al., 1996) . From a culture that had been shifted more rapidly in cells grown in the absence of Cdc6p.
75 min previously from galactose to raffinose, we isoThese data suggest that a process independent of lated by centrifugal elutriation a population of unbudded Cdc6p causes Mcm proteins to accumulate within nuclei G1 cells lacking Cdc6p and incubated them in the presduring telophase (when CDKs are inactivated) and within ence of galactose. There was little or no Myc-Cdc6 the cytoplasm at the beginning of S phase (when CDKs associated with ARS1 in the starting population (or in are reactivated). However, by facilitating the loading of ones incubated in raffinose). Myc-Cdc6 associated with Mcm7p onto chromatin, Cdc6p might cause Mcm7p to ARS1 soon after induction from the GAL promoter and be retained within nuclei for longer (that is, during early remained there throughout the succeeding cell cycle S phase in the presence of active CDKs) than occurs (data not shown). Thus, Cdc6p is capable of binding to when it is not tightly associated with chromatin.
origins
during G2 if its concentration within the nucleus is maintained by ectopic gene expression. To analyze the consequences on Mcm7p of loading Cdc6p onto Cdc6p Loses the Ability to Load Mcm7p onto Origins origins during G2, we repeated the experiment using an at the Time of S-CDK Activation, Even When
Mcm7-Myc-expressing strain whose CDC6 gene was Cells Do Not Initiate DNA Replication tagged at the N terminus with HA epitopes and exWe observed that Mcm7p dissociates from origins as pressed from the GAL promoter (GAL-HA3-CDC6). We cells progress through S phase, even when Cdc6 synwere thus able to measure the loading onto origins of thesis persists throughout the cell cycle (Figure 4 ). There HA-Cdc6 and Mcm7-Myc using the same samples (Figare at least two explanations for this result. First, a proure 6A). We found that, whereas HA-Cdc6 was associcess that occurs as a consequence of successful ated with ARS1 from the point of its induction in small initiation (for example, movement of replication forks) unbudded cells until the end of the cell cycle, Mcm7-could both remove Mcm7p from origins and establish Myc was associated only during G1 (and possibly early a block to its rebinding. Alternatively, some other cell S phase). We conclude that the loading of Mcm proteins cycle-related process unconnected with replication per onto chromosomal origins is not just regulated by their se (for example, S-CDK activation) may inhibit the loadoccupancy by Cdc6p. Mcm7p cannot associate with ing of Mcm7p onto origins mediated by Cdc6p. For exorigins in cells that have activated CDKs, even when ample, the initiation of DNA replication depends on these origins are occupied by Cdc6p. Cdc6p being synthesized before activation of S-CDKs, It is nevertheless possible that Cdc6 is capable of which therefore corresponds to a "point of no return" binding to replicated but not unreplicated origins after after which a Cdc6 deficiency cannot be reversed (Piatti CDK activation. Thus, Cdc6's point of no return could et al., 1996) . still be due in part to an inhibition by CDKs of Cdc6p's To investigate whether the point of no return phenomability to bind unreplicated origins; that is, ones not enon could be explained by cells' failure to load Mcm previously occupied by Cdc6p. To test this, we comproteins onto origins, we performed a variation of the pared the ability of HA-Cdc6 and Mcm7-Myc to associexperiment described above in Figure 4 . This time, we ate with ARS1 when HA-Cdc6 (as the sole Cdc6p in the varied the time of galactose-induced Cdc6p synthesis cell) was synthesized de novo from the GAL promoter ( Figure 5 ). Unbudded G1 cells that had been deprived at different times during the outgrowth of unbudded G1 of Cdc6p were incubated in raffinose medium. At various cells ( Figure 6B ). As expected, the induction by HA-Cdc6 intervals, aliquots were removed from this "parental" First, there is an inverse correlation between the timing bursts of Cdc6p synthesis during the yeast cell cycle: one during telophase and another during late G1. As of Mcm7p binding to origins and S-or M-CDK activity (Figure 3) . Second, cells lose the ability to load Mcm7p shown in Figure 3 , Mcm7p is bound to many if not most origins in early G1 cells, which must have arisen as a onto origins at the time of S-CDK activation ( Figure 5) . Third, the temporary inactivation of S-and M-CDKs by consequence of Cdc6p synthesis during telophase. The later burst of Cdc6p synthesis is presumably important a cyclin kinase inhibitory protein (CKI) p40Sic1 in G2 or in M phase is sufficient to trigger an extra round of DNA for cells that have long G1 periods (for example, very small daughter cells and cells that have entered stationreplication in the absence of nuclear division. It also induces origins temporarily to adopt a pattern of DNAseI ary phase), during which Cdc6p dissociates from origins and is degraded. The burst of Cdc6p synthesis in late sensitivity characteristic of prereplicative cells (Dahmann et al., 1995) . Fourth, delaying activation of S-CDKs G1 occurs as part of a large program of gene activation mediated by two related transcription factors: SBF and delays Cdc6p's point of no return . We performed two experiments to test this hypothesis MBF . Accumulation of the G1 cyclins Cln1p and Cln2p and the S phase cyclins Clb5p and directly. First, we monitored Mcm7-Myc association with ARS1 and ARS305 in nocodazole-blocked cells Clb6p also occurs as part of this program (Koch and Nasmyth, 1994) . This raises the following problem: if S after inducing high levels of Sic1p ( Figure 7A ). For reasons that are not totally clear, this takes 60-120 min to phase cyclins and Cdc6p accumulate in late G1 at around the same time and if S-CDKs block the assembly inactivate CDKs in a large fraction of cells, which was monitored in vivo by measuring rebudding. The accumuof Mcm proteins onto origins mediated by Cdc6p, how can late G1 Cdc6p synthesis be effective in promoting lation of Mcm7-Myc within nuclei and association with origins occurred with similar kinetics. As expected, reac-DNA replication? We know that it is effective indeed because expression of Cdc6p solely from the HO protivation of CDKs by repressing SIC1 expression caused most cells to rereplicate. It also caused a reduction in moter, which is transcribed exclusively in late G1 (in ash1 mutant), can sustain DNA replication and cell prolifthe amount of Mcm7p associated with origins. Thus, "ectopic" inactivation of CDKs induces loading of eration (Bobola et al., 1996) . A possible solution to this conundrum is that S phase cyclin accumulation does Mcm7p onto origins.
In the second experiment, we addressed whether prenot lead immediately to S-CDK activity because of the CKI Sic1p, which is a potent inhibitor of S-and M-CDKs. mature activation of CDKs during G1 would interfere with Mcm7p association with origins. There are two
This CKI accumulates at the end of mitosis and persists ] MCM7-Myc7) were isolated by elutriation 75 min after removal of galactose and then incubated in either YEPR (Gal Ϫ ) or YEPRGal (Gal ϩ ) medium. Cell extracts were divided into two aliquots, and each was subjected to immunoprecipitations by either anti-HA or anti-Myc antibodies (top). Association of HA-Cdc6 (expressed from GAL promoter) with ARS1 was abolished by a mutation in ACS of ARS1 (data not shown). (B) Cdc6p but not Mcm7p associates with ARS1 following synthesis of Cdc6p after the "point of no return." G1 cells of strain K6727 were isolated by elutriation 90 min after removal of galactose and incubated in YEPR at 25ЊC. After 0, 60, and 120 min ([0' Gal] , [60' Gal] , and [120' Gal], respectively), galactose was added to a final concentration of 2% to aliquots of the cell culture. Times (min) show the time after starting incubation of G1 cells in YEPR.
until its proteolysis is triggered in late G1 by accumulaorigins. We then repeated the experiment with an otherwise congenic strain lacking SIC1. This time, Mcm7-tion of Cln1p and Cln2p (Schwob et al., submitted) . There exists, therefore, a short interval between accumulation Myc failed to associate with origins when cells budded. Furthermore, these cells failed to undergo DNA replicaof Cdc6p in late G1 and the disappearance of Sic1p. This then is Cdc6p's "window of opportunity." tion ( Figure 7B ). Chromosome spreading also confirmed that deletion of SIC1 in this strain prevented the associaTo test this hypothesis, we checked first whether the loading of Mcm7p onto origins is delayed in HO-CDC6 tion of Mcm7p with chromosomes (data not shown). We conclude that the precise timing of S-CDK activation is cells and second whether it is reduced or even abolished by deleting the SIC1 gene. SIC1 is not essential, but it crucial for Mcm7p's binding to origins that is driven by Cdc6p synthesized in late G1. Premature activation of becomes so when Cdc6p synthesis is driven solely by the HO promoter (Schwob et al., submitted) . We thereClb5 and Clb6/Cdk1 kinases "shuts" Cdc6p's window of opportunity. fore used an Mcm7-Myc-expressing strain in which Cdc6p was expressed from both the HO and GAL promoters. From a culture that had been shifted 90 minutes Discussion previously from galactose to raffinose, we isolated unbudded G1 cells by centrifugal elutriation and incubated It has recently become clear that the mechanisms by which eukaryotic cells ensure that origins fire no more them in glucose-containing medium (GAL promoter off). Unlike wild-type cells, Mcm7-Myc was not associated than once during the cell cycle involve not just CDKs but also their presumed substrates at replication origins. with origins in the starting population, but it bound to them shortly before cells formed buds and replicated
In both budding and fission yeast, S-CDKs persist from the beginning of S phase until the end of mitosis. The their DNA. Thus, changing the timing of Cdc6p synthesis does indeed alter the timing of Mcm7p loading onto lack of origin firing during G2 cannot therefore be due (B) Premature activation of S-CDKs inhibits Mcm7p's association with ARS1 and DNA replication, both of which are otherwise driven by Cdc6p synthesized in late G1. G1 haploid cells of strains K6974 (SIC1 ϩ ) and K6994 (⌬sic1; Schwob et al. 1994) , whose genotypes were HO-CDC6 ⌬ash1 (Bobola et al., 1996) GAL-ubi-CDC6 ⌬cdc6 MCM7-Myc7, were isolated by elutriation 90 min after removal of galactose and then incubated in either YEPRGal (Gal) or YEPD (Glc) medium. Both strains replicated their DNA in YEPRGal (data not shown). The activity of HO promoter is not altered significantly by ⌬sic1 (data not shown).
to an absence of CDK activity. It is presumably due
The formaldehyde cross-linking technique proved sufficiently robust to measure the association of Cdc6p instead to replication origins being in a state that no longer responds to these CDKs. To measure the state and Mcm7p to ARS sequences as unbudded G1 cells progress through the cell cycle. Cdc6p and Mcm7p are of replication origins during the cell cycle, we used immunoprecipitation of DNA cross-linked by formaldebound to origins from the completion of cell division until the onset of S phase, whereupon both dissociate hyde to epitope-tagged ORC, Cdc6, and Mcm proteins as a means of measuring the binding of these three sets from origins and are absent throughout G2 and M phases. The loading of Mcm7p depends on Orc5p, of proteins to specific DNA sequences in live yeast cells. Our data demonstrate that these proteins all bind in Cdc6p, and another Mcm protein, Mcm5p. The loading of Cdc6p depends on Orc5p but not on Mcm5p. Cdc6 the vicinity of ARS1 and ARS305 but not to sequences adjacent to these origins. Binding of all three proteins and Mcm7 proteins presumably associate with origins as a consequence of the burst of Cdc6p's synthesis to ARS1 was abolished by a point mutation within its ACS. This is the first demonstration that Cdc6 and Mcm during telophase. Cdc6p is synthesized in a second burst during late G1, and this protein is also capable of proteins bind specifically to chromosomal replication origins. Mcm proteins are supposedly much more abunpromoting the loading of Mcm7p onto origins. Expression of Cdc6p at high levels throughout the cell dant than ORC and Cdc6p (Donovan et al., 1997), and it had seemed possible that Mcms might bind throughcycle enabled it but, significantly, not Mcm7p to bind ARS sequences throughout the cell cycle. Our detection out the intervals between origins. Our data rule this out, at least in yeast.
of Cdc6p binding to origins during G2 and M phase contrasts with the failure of Cdc6p synthesis in nocodaCDKs might alter them so that they are no longer capable of associating with origins. This phosphorylation might zole-blocked cells to induce extended footprints at the two-micron origin . It is not, however, also reduce their uptake into the nucleus, at least in yeast. Meanwhile, both ORC and Cdc6p associate with possible to compare cells passing through a normal cell cycle (as we have done) with nocodazole-blocked cells CDKs in yeast extracts (Leatherwood et al., 1996; Piatti et al., 1996) , and this might lead to a reduction in their that accumulate very high levels of CDK activity, and therefore we do not believe that it is possible to conclude ability to catalyze the loading of Mcm proteins onto origins. from this incongruence that the extended footprint requires not only Cdc6 but also Mcm binding to origins.
The dependence of Mcm7p origin loading on de novo Cdc6p synthesis and its inhibition by S-and M-CDKs We did notice that the association of Cdc6p with unreplicated origins in cells that had formed buds and activated only make sense if these two regulatory mechanisms are coordinated. Cdc6p synthesis is regulated primarily CDKs took place more slowly than in G1 cells. Thus, it is still possible that CDKs (or some other property of by transcriptional control of the CDC6 gene, whose activity during telophase depends on the Swi5/Ace2 tran-G2 cells) inhibit to some extent the association of Cdc6p with origins.
scription factors and whose activity during late G1 depends on SBF/MBF . Both sets of Our data suggest that there are at least two mechanisms controlling the association of Mcm proteins with factors are inhibited by CDKs (Koch and Nasmyth, 1994) . For example, M-CDK activity excludes Swi5p and Ace2p origins during the cell cycle. The first is their occupancy by Cdc6p, which due to its instability and cell cyclefrom the nucleus during G2 and M phase. Cdc6p is therefore only synthesized during an interval of the cell regulated synthesis fluctuates in abundance during the cell cycle. Cdc6p made during G1 is rapidly degraded cycle in which S-and M-CDKs are inactive. Thus, the inactivation of S-and M-CDKs during telophase both during S phase and is not resynthesized during G2 or M phase Our findings put some flesh onto a previously skeletal Our conclusion that the loading of Mcm proteins onto model for how replication origin refiring is tied to the origins is inhibited by S-and M-CDKs is consistent with separation of sister chromatids at anaphase. The separecent observations on Xenopus egg extracts. Depletion ration of sister chromatids and the inactivation of CDKs of cyclin B/Cdk1 from metaphase egg extracts enables both depend on proteolysis mediated by the anaphaseMcm-dependent replication of sperm chromatin (Mahpromoting complex (Irniger et al., 1995) . CDK inactivabubani et al., 1997), and raising the cytoplasmic level of tion during anaphase/telophase leads to synthesis of cyclinE/Cdk2 before nuclear assembly inhibits replicaCdc6p, which in the absence of CDKs promotes the tion of sperm chromatin and Mcm3 binding to chromatin loading of Mcm proteins onto origins. Reactivation of (Hua et al., 1997) . Furthermore, our observation that S-CDKs in late G1 occurs after a second burst of Cdc6p Cdc6p, in contrast to Mcm7p, can be loaded onto origins synthesis, which therefore gives cells a second chance in the presence of S-and M-CDK activity is consistent to load Mcm proteins onto origins while S-and M-CDKs with the association of Xenopus Cdc6p (and no detectremain inactive. Reactivation of S-CDKs stops any furable association of an Mcm) with chromatin in 6-DMAPther loading of Mcm proteins onto origins. Initiation retreated extracts (Coleman et al., 1996; Rowles et al., leases Mcm proteins from origins, which cannot refire 1996), which are thought to maintain some Cyclin because Mcm proteins cannot be reloaded in the pres-B/Cdk1 activity (Mahbubani et al., 1997 
Chromosome Spread Assay
Mitotic chromosomes were spread as described for the meiotic chromosomes by Klein et al. (1992) (1996) . An essential role for the Cdc6 protein in forming the pre-400-800 l of lysis buffer (see the above reference) with glass beads, replicative complexes of budding yeast. Nature 379, 180-182. and the cell extracts were sonicated four times for 15 sec each Coleman, T.R., Carpenter, P.B., and Dunphy, W.G. (1996) . The Xenousing microultrasonic cell disruptor (Kontes) (chromatin is sheared pus Cdc6 protein is essential for the initiation of a single round of into an average size of 500 bp). Immunoprecipitation was performed DNA replication in cell-free extracts. Cell 87, 53-63. with magnetic beads (2.0 ϫ 10 7 beads), which were coated with rat Coue, M., Kearsey, S.E., and Mechali, M. (1996) . Chromatin binding, monoclonal anti-mouse immunoglobulin (Dynal) and incubated with nuclear localization and phosphorylation of Xenopus cdc21 are cell-9E11 (anti-Myc) or 12CA5 (anti-HA) monoclonal antibody beforecycle dependent and associated with the control of initiation of DNA hand. More than 90% of relevant Myc-tagged proteins were immureplication. EMBO J. 15, 1085-1097. noprecipitated by this procedure without prior cross-linking, and Dahmann, C., Diffley, J.F., and Nasmyth, K.A. (1995) . S-phase-pro-50%-60% after cross-linking. Precipitates were washed and promoting cyclin-dependent kinases prevent re-replication by inhibiting cessed for DNA purification as described in the above reference.
the transition of replication origins to a pre-replicative state. Curr. Template DNAs for PCR were prepared in the same way as deBiol. 5, 1257-1269. scribed in the legend of Figure 3 at indicated time points, unless otherwise stated. PCRs were carried out in 50 l volume with 1/30-Dalton, S., and Whitbread, L. (1995) . Cell cycle-regulated nuclear 1/10 or 1/10 (this amount was optimized to perform PCR without import and export of Cdc47, a protein essential for initiation of reaching a plateau phase) of the immunoprecipitates by an anti-DNA replication in budding yeast. Proc. Natl. Acad. Sci. USA 92, Myc or anti-HA antibody, respectively, or 1/6000 of DNA samples 2514-2518. derived from whole cell extract with prior cross-linking. Taq polymerDiffley, J.F. (1996) . Once and only once upon a time: specifying and ase (GIBCO/BRL) and the corresponding buffer system were used.
regulating origins of DNA replication in eukaryotic cells. Genes Dev. PCR primers were designed as 20 mers with approximately 50% 10, 2819-2830. GC content, to amplify the genome sequences as shown in Figure  Diffley , J.F., Cocker, J.H., Dowell, S.J., and Rowley, A. (1994) . Two 2A (their sequences are available upon request). Four pairs of primsteps in the assembly of complexes at yeast replication origins in ers were used together in each PCR reaction. The final concentration vivo. Cell 78, 303-316. of each primer, which was set up to amplify each fragment evenly Donovan, S., Harwood, J., Drury, L.S., and Diffley, J.F. (1997). Cdc6p-when the total genome was used as a template, was 300 nM, except dependent loading of Mcm proteins onto pre-replicative chrofor the primers to amplify 350 bp or 270 bp in ARS1-containing matin in budding yeast. Proc. Natl. Acad. Sci. USA 94, 5611-5616. region (450 nM or 180 nM, respectively). In PCR cycles, an initial Henderickson, M., Madine, M., Dalton, S., and Gautier, J. (1996) . denaturation of 3 min at 94ЊC was followed by 30 cycles with denaPhosphorylation of MCM4 by cdc2 protein kinase inhibits the activity turation for 1 min at 94ЊC, annealing for 1 min at 53ЊC, polymerization of the minichromosome maintenance complex. Proc. Natl. Acad. for 2 min at 72ЊC, and a final extension for 7 min at 72ЊC. To avoid Sci. USA 93, 12223-12228. primer-dimer formations, "hot start" procedure was achieved by anti-Taq antibody (Clontech). The PCR products were separated in Hua, X.H., Yan, H., and Newport, J. (1997) . A role for Cdk2 kinase 2.3% agarose gel and visualized with 0.2 g/ml ethidium bromide.
in negatively regulating DNA replication during S phase of the cell The gels were photographed using Gel Print 2000i (Biophotonics).
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